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Abstract. Flood risk throughout Europe has increased in the
last few decades, and is projected to increase further owing
to continued development in ﬂood-prone areas and climate
change. In recent years, studies have shown that adequate
undertaking of semi-structural and non-structural measures
can considerably decrease the costs of ﬂoods for households.
However, there is little insight into how such measures can
decrease the risk beyond the local level, now and in the fu-
ture. To gain such insights, a modelling framework using the
Damagescanner model with land-use and inundation maps
for 2000 and 2030 was developed and applied to the Meuse
river basin, in the region of Limburg, in the southeast of
the Netherlands. The research suggests that annual ﬂood risk
mayincreasebyupto185%by2030comparedwith2000,as
a result of combined land-use and climate changes. The inde-
pendent contributions of climate change and land-use change
to the simulated increase are 108% and 37%, respectively.
The risk-reduction capacity of the implementation of spatial
zoning measures, which are meant to limit and regulate de-
velopments in ﬂood-prone areas, is between 25% and 45%.
Mitigation factors applied to assess the potential impact of
three mitigation strategies (dry-prooﬁng, wet-prooﬁng, and
the combination of dry- and wet-prooﬁng) in residential ar-
eas show that these strategies have a risk-reduction capacity
of between 21% and 40%, depending on their rate of im-
plementation. Combining spatial zoning and mitigation mea-
sures could reduce the total increase in risk by up to 60%.
Policy implications of these results are discussed. They focus
on the undertaking of effective mitigation measures, and pos-
sible ways to increase their implementation by households.
1 Introduction
In recent decades, ﬂood damage throughout Europe has
increased because of development in ﬂood-prone areas
(Barredo, 2009; Munich RE, 2010). Flood damage is pro-
jected to increase further as a result of continued urban devel-
opment combined with climate-change effects on river dis-
charges and ﬂood probabilities (Aerts et al., 2006; Bouwer
et al., 2006; IPCC, 2007; te Linde et al., 2010; Ward et al.,
2012). In the light of these developments, more and more
studies are assessing changes in ﬂood risk, where ﬂood risk
is deﬁned as the probability of ﬂooding multiplied by the po-
tential consequences, such as economic damage or loss of
lives (Maaskant et al., 2009; Merz et al., 2010). Flood risk is
a function of: (a) the hazard, (b) the exposure, and (c) the vul-
nerability (Crichton, 1999; Poussin et al., 2012). This deﬁni-
tion is also used in major recent reports on risk and climate-
change impacts (UNISDR, 2011; IPCC, 2012).
To manage current and future ﬂood damage and risk, dif-
ferent adaptation strategies are available and have been stud-
ied. These strategies are diverse and include the use of tech-
nical measures to reduce the probability of ﬂooding (e.g. Vis
et al., 2003; Merz et al., 2010); the provision of ﬂood pro-
tection such as storm surge barriers and dikes (Aerts and
Droogers, 2004); the use of insurance to provide compen-
sation, to help recovery, and provide incentives for damage
mitigation (Kunreuther, 2006; Crichton, 2008; Paudel et al.,
2012); the use of spatial zoning with increased control over
land-use changes and developments of new and existing ur-
ban areas (Burby et al., 2000); and the use of damage reduc-
tion measures on houses, which are also called “mitigation
measures” or ﬂood-prooﬁng measures (Kreibich et al., 2005;
Kreibich and Thieken, 2009).
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Recent studies based on past ﬂoods and/or economic mod-
els have shown that adequate undertaking of ﬂood-prooﬁng
measures can considerably decrease the costs of ﬂoods for
households. These studies focus on avoided costs, damage
reduction, and/or cost–beneﬁt ratios. Wind et al. (1999) fo-
cus on the potential link between household preparedness
and the 35% decrease of the losses between the ﬂoods of
1993 and 1995 on the Meuse. ICPR (2002) provide ranges
of damage reduction percentages for different ﬂood dam-
age mitigation measures. Kreibich et al. (2005) and Kreibich
and Thieken (2009) provide data on the effectiveness of
household ﬂood-prooﬁng measures in reducing ﬂood dam-
ages in Dresden, Germany. ABI (2003) reports on the cost-
effectiveness of 34 (mostly) semi-structural measures, for
5 different types of houses from semi-detached properties to
bungalows, and 3 ﬂoodwater heights. Thurston et al. (2008)
and Kreibich et al. (2011, 2012) are two studies focusing on
the cost–beneﬁt ratios of semi-structural ﬂood-prooﬁng mea-
sures and their relation with the probability of ﬂooding. De-
spite these studies, there is still little insight into how semi-
structural and non-structural measures can decrease the ﬂood
risk beyond the local level, now and in the future.
The main aims of this study are, therefore: (a) to assess
the sensitivity of riverine ﬂood risk to changes in land use
and climate; and (b) to examine the potential of different
adaptation strategies at the regional scale to reduce future
ﬂood damage and risk. The study is carried out for the case-
study region of the Meuse river in the province of Limburg,
in the southeast of the Netherlands. This assessment is the
ﬁrst study of this kind carried out in the Netherlands. Flood
risk is assessed by using simulated damage results for mul-
tiple return periods in order to calculate the expected annual
damage (EAD), which is estimated by integrating the area
under an exceedance probability loss curve (i.e. risk curve)
(Grossi and Kunreuther, 2005).
An inundation model called the Floodscanner model
(Ward et al., 2011a) is coupled with a damage model called
the Damagescanner model (Klijn et al., 2007; Aerts et al.,
2008) to simulate damage and ﬂood risk for the current
situation and for future scenarios of land-use and climate
change, with and without adaptation strategies at the regional
scale. Adaptation strategies include spatial zoning measures
and three types of ﬂood-prooﬁng measures: namely, dry-
prooﬁng, wet-prooﬁng, and a combination of dry- and wet-
prooﬁng measures. The damage- and risk-reduction capac-
ity of the adaptation strategies is assessed by using rela-
tive changes, since research shows that estimates of relative
changes in ﬂood damage are more robust than estimates of
absolute changes (Bubeck et al., 2011).
The remainder of the article is divided as follows. Sec-
tion 2 describes the case-study area. Section 3 describes the
data and methods used. It includes a short description of the
model and adaptation strategies. Section 4 describes the re-
sults of the damage and risk calculations, with and with-
out adaptation strategies. It ends with an analysis of the
geographical distribution of the risk and the effectiveness of
the mitigation measures. Section 5 discusses the results, and
conclusions are presented in Sect. 6.
2 Case study: the Meuse in Limburg
2.1 The Meuse
The Meuse is a predominantly rain-fed river, with a length
of about 875km from its source in France to its mouth in the
Netherlands. Its catchment area extends over parts of Bel-
gium, France, Germany, Luxembourg, and the Netherlands,
over an area of about 33000km2. The Meuse basin is one of
the most densely-populated areas of Western Europe, and is
inhabited by about 9 million people. The river itself is navi-
gable, and provides drinking water for about 6 million inhab-
itants (De Wit et al., 2007).
Mean annual precipitation over the basin is reasonably
evenly distributed throughout the year. The Meuse has a rel-
atively rapid response to rainfall, and is relatively sensitive
to ﬂoods (van Pelt et al., 2009), with ﬂood waves mainly oc-
curring during the winter half-year. The section of the Meuse
studied in this research ﬂows between the border of Belgium
andtheNetherlands(upstream)toriverkilometre166(down-
stream) near the village of Mook (Fig. 1). Along this section,
the Meuse forms a natural border between Belgium and the
Netherlands. During ﬂoods the river can therefore ﬂood on
both the Dutch and the Belgian side. In this study, we ex-
amine inundation, ﬂood damage, and ﬂood risk, only in the
Dutchpart.TheLimburgMeuseoccupiesaterracedriverval-
ley (Van der Meulen et al., 2006). Unembanked sections can
be inundated if river levels rise above the level of the bank.
There are also several (relatively small) dike-ring areas along
this section of the Meuse. Dike-rings are separate adminis-
trative units that are designed to withstand ﬂoods up to cer-
tain return periods (such as 250yr in the dike-rings along the
Meuse in Limburg), in order to provide a certain level of pro-
tection against ﬂoods within the dike-ring areas (Poussin et
al., 2010).
2.2 Past research on ﬂood risk in the Meuse basin
Since the severe ﬂoods along the Meuse in 1993 and 1995,
several studies have been conducted to analyse the past,
present, and future hydrological behaviour of the river Meuse
and the effects of climate and land-use changes on it (Bates
and De Roo, 2000; De Wit et al., 2001, 2006, 2007; Jacquet
et al., 2003; Pﬁster et al., 2004; Booij, 2005; Aerts et al.,
2006; Tu, 2006; Ward et al., 2007, 2008, 2009, 2011b; De
Wit,2008;Leanderetal.,2008;Ward,2008);pastﬂooddam-
age (Loche, 1994; Van Meijgaard and Jilderda, 1996; Wind
et al., 1999), and ﬂood risk (Ward et al., 2011a). The results
of hydrological models for the future generally project that
mean winter-season discharge in the future will be greater
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Fig. 1. Map of the Meuse in Limburg.
than it was in the past, and the frequency of ﬂoods will in-
crease.
The case-study area for this research was chosen for two
reasons. First, relatively good data are available for setting
up both the inundation and damage models. Second, while
the area is relatively prone to ﬂooding compared with the
downstream sections of the Meuse where safety standards
are considerably higher, it has received less attention in re-
cent studies on ﬂood risk in the Netherlands. Risk estimates
have been made for large Dutch dike-ring areas downstream
of Mook in three major projects: Floris (Ministry of Trans-
port, Public Works and Water Management, 2005), Neder-
land Later (Klijn et al., 2007), and Attention to Safety (Aerts
and Botzen, 2011). Other recent publications have also in-
vestigated ﬂood risk in those downstream dike-rings (e.g.
Bouwer et al., 2009, 2010; De Moel et al., 2011).
Fewer studies have examined the upstream area of the
Meuse in which we are conducting our research. Ernst
et al. (2010) assessed high-resolution economic damage
(2m×2m) along two sections of the river Ourthe, a tribu-
tary of the Meuse in Belgium. Wind et al. (1999) reported
observed (direct) damage in Dutch Limburg for the ﬂood
events of 1993 and 1995 of about C149 million (1993) and
C91 million (1995)1 (in year 2000 euros). Van der Sande et
1 The original values (in Dutch guilders) were converted to eu-
ros (1 euro=2.20371 Dutch guilders), and updated from 1993 and
1995 values to 2000 values, using GDP multipliers derived from
Statistics Netherlands (www.cbs.nl).
al. (2003) simulated direct damage in the villages of Itteren
and Borgharen in Dutch Limburg, and estimated property
damage to be about C82 million (in year 2000 euros) for the
1995 Meuse ﬂood. Ward et al. (2011a) studied the impact of
the selection of inundation return periods on simulated ﬂood
risk. They showed that the simulated risk is highly sensitive
to the selection of return periods used to derive the risk curve,
ranging from C23 million per year up to C111 million per
year, under the assumptions used in that study.
3 Data and methods
An overview of the methods, models, and data used is shown
in Fig. 2. For this research, ﬂood risk is quantiﬁed as the
expected annual damage (EAD). It is assessed by combin-
ing the damage results for different exceedance probabilities,
and integrating the area under an exceedance probability loss
curve (i.e. risk curve).
To assess the ﬂood damage at different return periods, the
Damagescanner model is used in combination with two types
of scenarios: climate scenarios and land-use scenarios. Land-
use maps for 2000 and 2030 are used to represent the re-
spective exposure. Inundation maps for nine different return
periods, for climate 2000 and future climate 2030, are used
to represent the hazard. Stage–damage functions represent
the vulnerability by providing a relationship between inun-
dation height, land use, and damage. To assess the potential
impact of spatial zoning measures, the 2030 land-use maps
are modiﬁed according to a spatial zoning project conducted
in Limburg (see Sect. 3.3 “Adaptation strategies”). To assess
the impact of the mitigation measures in residential areas,
mitigation factors are applied to the stage–damage functions.
Since research shows that there are high uncertainties associ-
ated with estimates of absolute changes in ﬂood damage, and
that estimates of relative changes are more robust (Bubeck
et al., 2011), the damage and risk increases, as well as the
damage- and risk-reduction capacity of the adaptation strate-
gies, are assessed using relative changes.
3.1 Inundation modelling: Floodscanner and
climate-change scenarios
To generate the inundation maps used for this research, an
inundation model is used that was developed for a previous
study on the Meuse, the Floodscanner model (Ward et al.,
2011a). The model uses a simple zero-dimensional planar-
based approach, conceptually similar to that of Priestnall et
al. (2000). This allows for the rapid simulation of the large
number of inundation maps required in this study. Since
the model is not hydrodynamic, it is assumed that upstream
ﬂooding does not lead to a reduction in discharge down-
stream, leading to an overestimation of downstream inunda-
tion depths. However, Ward et al. (2011a) previously carried
out a validation of Floodscanner for the Meuse river in Dutch
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Fig.2.Flowchartofthemethods,models,anddataused,withclimateandland-usescenarios,andstage–damagefunctions.TheFloodscanner
produces the inundations maps. The Damagescanner calculates the damage and produces the damage maps used to assess the risk. Adaptation
strategies include damage mitigation measures and spatial zoning. The ﬂood risk is calculated as the area under an exceedance probability-
damage curve (i.e. risk curve).
Limburg, and found that it performed well compared with
images of the historical ﬂoods of 1993 and 1995, as well as
compared with results from a process-based 2-D hydrody-
namic model (WAQUA, provided by Rijkswaterstaat Dienst
Limburg). The maps in Fig. 3 show the few locations which
did not perform as well. For example, the modelled maps
show an inundation area at the conﬂuence of the Niers trib-
utary and the Meuse (shown by circle a in Fig. 3). Here, the
simpliﬁed inundation model has difﬁculty in dealing with hy-
draulically complicated backwater effects. A second source
of anomalies is around several of the new “Maasplassen”;
these lakes were created by sand and gravel mining, and
some were completed post-1995 (for example the Lange Vli-
eter, shown by circle b in Fig. 3). Hence, these lakes are “in-
undated” in the model, but were not inundated in 1993 and
1995 because at that time the gravel and sands had not been
extracted.
The model is raster-based with a spatial resolution of
50m×50m. It uses stage–discharge relationships to esti-
mate the water level for different discharges, and creates a
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Fig. 3. Inundation extent maps based on aerial photography and
satellite imagery (observed) and Floodscanner (modelled) for the
ﬂoods of 1993 and 1995. The red circles show two locations at
which the model did not perform well (a: conﬂuence of the Niers
and the Meuse rivers; b: the lake known as the Lange Vlieter, com-
pleted post-1995) (adapted from Ward et al., 2011a).
planar surface representing the water surface. Using a digi-
tal elevation model (DEM), the inundation depth is deduced
from the difference between the water level and the eleva-
tion.Severalstepsarerequiredto:(a)derivetherivernetwork
raster, (b) develop stage–discharge relationships, (c) simulate
the planar water level surface, and (d) estimate ﬂood inunda-
tion depth:
1. Derive the river network raster: We developed the river
network raster based on a DEM derived from eleva-
tion data used in the WAQUA model of the Meuse.
These data were provided by Rijkswaterstaat Limburg
(RWS Limburg), as a triangulated irregular network
(TIN) map (WAQUA version 2005-02, conﬁguration
J09 4). We rasterised these data to a spatial resolution of
50m×50m. For areas outside the WAQUA conﬁgura-
tion, we used the AHN5 (Actueel Hoogtebestand Ned-
erland) DEM, which covers the Netherlands at a resolu-
tion of 5m×5m. Again, this DEM was resampled to a
resolution of 50m×50m.
2. Develop stage–discharge relationships: We used stage–
discharge data from the Meuse WAQUA schematisa-
tion J09 4, supplied by RWS Limburg. The rating
curves give stage height at each river kilometre for dis-
charges of different return periods (up to 1250yr) at St.
Pieter (upstream, near the Belgian-Dutch border), i.e.
the downstream stages refer to speciﬁc return periods
upstream. The stage heights downstream account for
lateral discharges from side rivers, the main one being
the Roer.
3. Simulate planar water level surface: Discharge at
Borgharen (upstream) is given to the model as input.
The model then estimates a corresponding water level
at each river cell based on the stage–discharge relation-
ships described above. All grid-cells in the study area
are assigned to their nearest river kilometre grid-cell
based on the Euclidean distance, leading to a theoreti-
cal planar water-level surface.
4. Estimate ﬂood inundation depth: The elevation of each
cell is subtracted from the planar water level surface,
to give an inundation depth per grid-cell. Inundated
cells not connected to the river via a ﬂow-path with di-
rect connectivity are removed. Furthermore, there are
about 40 small dike-rings in the case-study area that
provide protection against ﬂoods with return periods up
to 250yr. These dike-rings are therefore not allowed to
ﬂood at discharges lower than the 250yr return period
value (for each scenario).
Floodscanner is then used to simulate inundation levels for
all return periods from 2 to 1250yr (i.e. 1249 return periods
in total), based on the current climate data. The discharge
magnitudes corresponding to each return period are derived
using a generalised extreme value (GEV) distribution, ﬁt-
ted on discharge time-series for the period 1961–1990 simu-
lated using the HBV model, and reported in full in Drogue et
al. (2010). However, in most practical applications, it would
be impractical and too time-consuming to compile this num-
ber of inundation maps to carry out ﬂood risk assessment,
and therefore it was decided to select a smaller number of
inundation maps for our further analyses. Ward et al. (2011a)
showed that the selection of the return periods used to calcu-
late the risk, or EAD, has a large inﬂuence on the ﬁnal risk
estimate. Hence, we ﬁrst calculated the risk based on all of
the inundation maps, which resulted in a ﬂood risk estimate
of C34 million per year. We then selected the combination of
nine inundation maps that gave the estimate of risk that was
closest to the latter estimate. This resulted in the selection of
inundation maps for return periods of 2, 5, 10, 20, 50, 100,
250, 251, and 1250yr; for this combination of return peri-
ods, the calculated risk is C31 million per year. The 251yr
map represents the inundation at which dikes in Limburg are
assumed to fail. The 1250yr map corresponds to the protec-
tion level for dike-rings in the Netherlands downstream from
Limburg, and is an important return period in Dutch water
management (Bouwer et al., 2010).
To assess the impact of climate change on the damage and
the risk, two climate-change scenarios are used: the scenar-
ios G and W+ for the Netherlands, which are based on the In-
tergovernmental Panel on Climate Change scenarios (IPCC,
2000). Scenario G corresponds to an increase in temperature
by 2050 of about 1 ◦C, while scenario W+ corresponds to
an increase by 2050 of 2.3 ◦C to 2.8 ◦C (Van den Hurk et
al., 2006). Since the G scenario assumes a lower level of cli-
mate change than the W+ scenario, in this paper we refer
to them as “climate low” and “climate high”, respectively.
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Table 1. Simulated discharge at Borgharen corresponding to the dif-
ferent return periods used in this study for the 2000 climate sce-
nario, and the 2030 low and high climate scenarios.
Return Discharge (m3 s−1)
period 2000 2030 low 2030 high
2 1589 1693 1716
5 1885 1957 2013
10 2112 2197 2278
20 2328 2453 2560
50 2720 2831 2950
100 2960 3072 3207
250 3258 3372 3523
251 3259 3373 3525
1250 3814 3933 4120
The discharge magnitudes corresponding to each return pe-
riod for each scenario are again derived using a generalised
extreme value (GEV) distribution, ﬁtted on discharge time-
series for the period 2021–2050 simulated using the HBV
model (Drogue et al., 2010). The simulated discharge at
Borgharen corresponding to each of the return periods used
in this study and the three climate scenarios (2000, 2030 low,
and 2030 high) are shown in Table 1.
3.2 Damage modelling
3.2.1 Damagescanner
The damage calculations are conducted using the Damages-
canner model. The Damagescanner has been used in a num-
ber of studies on the Rhine and the Meuse (Klijn et al., 2007;
Bouwer et al., 2009, 2010; Aerts and Botzen, 2011; De Moel
et al., 2011; Te Linde et al., 2011; Ward et al., 2011a). The
model is used to calculate ﬂood damage, from which the
ﬂood risk results are derived. It needs two inputs: an inunda-
tion map to represent the hazard and a land-use map to rep-
resent the exposure. In the model, stage–damage functions
(SDFs) are used for each land-use category to provide the
relation between the inundation depth, the land-use type in
each grid-cell, and the damage. Each land-use category has
its own stage–damage function.
3.2.2 Land-use maps
To represent the evolution of land use in Limburg from the
year2000totheyear2030,threemapsareused:areclassiﬁed
CORINE Land Cover land-use map for 2000, and land-use
maps for 2030 under two scenarios which were created us-
ing the Land Use Scanner (Loonen and Koomen, 2009). The
Land Use Scanner simulations used in this study were devel-
oped for the Rhine and Meuse basins, and are described in
greater detail in Te Linde et al. (2011). Each map represents
the allocation of 13 land uses in Limburg, from residential
areas of high and low density, to commercial, infrastruc-
ture, mines, recreation, nature, agriculture, cultivation, pas-
ture, and inland water.
The future land-use maps are based on two future socio-
economic scenarios, the “Global Economy” (GE) scenario
and the “Regional Communities” (RC) scenario, which are,
respectively, comparable to the A1 and B2 scenarios devel-
oped by the IPCC (IPCC, 2000). The Global Economy sce-
nario is based on high economic and population growth. The
land-use map, referred to in this study as “land use 2030
high”, shows a large increase in urban areas. The Regional
Communities scenario is based on a low economic and popu-
lation growth, a regional focus, and strict environmental reg-
ulations, including a restriction of new urban developments
in the 100yr ﬂood-zone. This scenario results in a land-use
map,referredtoas“landuse2030low”,whichshowsalower
increase in urban areas. The land-use maps have a spatial res-
olution of 50m×50m.
These land-use maps are based on simulations of land-
use change resulting from projected socio-economic devel-
opment, and, while spatial regulations are included via the
economic scenarios, speciﬁc local and regional spatial plan-
ning measures and restrictions are not yet included. Hence,
in some areas Land Use Scanner may simulate urban devel-
opment, whilst in reality this may be an area in which such
development is not allowed under local or regional spatial
planning regulations.
In order to assess different scenarios of damage and risk
in 2030, in this study we linked the climate scenario G with
the future land-use scenario of 2030RC, and the climate sce-
nario W+ with the future land-use scenario of 2030GE (see
Sect. 3.2.2 “Land-use maps”) (see also Bouwer et al., 2010).
3.3 Adaptation strategies
In order to assess the effects of adaptation strategies on the
damage and the risk, we assess the effectiveness of several
spatial zoning and mitigation measures using the Damage-
scanner model. The spatial zoning measures are used to mod-
ify the land-use maps. These measures, and their implemen-
tation in Damagescanner, are described below.
3.3.1 Spatial zoning
In the Province of Limburg, a spatial zoning project is cur-
rently being carried out in accordance with the “Beleidslijn
Grote Rivieren (BGR)” and the “Beleidsregels”, respectively
a Dutch law and the corresponding rules that are meant to
limit and regulate developments in Dutch ﬂood-prone ar-
eas2. The Rijkwaterstaat (RWS) Limburg provided GIS maps
showing areas where either: (0) there are no restrictions,
(1) new buildings and developments are not allowed, except
2 BGR zoning by the RWS Limburg, last accessed on
28 March 2012: www.rijksoverheid.nl/documenten-en-publicaties/
kamerstukken/2006/07/26/beleidslijn-grote-rivieren.html.
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if they are river-bound (e.g. harbour), and (2) new buildings
and developments are allowed under certain conditions such
as compensating for the loss of volume of water.
To assess the effect of the spatial zoning measures shown
in these maps on ﬂood risk in Limburg, we adapted the land-
use maps for 2030 (simulated using Land Use Scanner) to
reﬂect the information contained in the BGR zoning maps.
As such, areas in the BGR zoning maps that are planned to
remain as they are now in the future (e.g. nature or agricul-
tural ﬁelds), are sometimes projected to undergo new urban
developments in the Land Use Scanner model. Hence, we
modiﬁed these areas in the 2030 land-use maps by remov-
ing the new urban developments and replacing them with the
land use from the 2000 land-use map. With this spatial zon-
ing measure, we assume that although the demand for urban
development remains, that demand will be built outside of
the ﬂood-prone area since new buildings within it are not al-
lowed.
3.3.2 Flood damage mitigation measures
To estimate the effectiveness of ﬂood-damage mitigation
measures on risk in residential areas, we investigated three
mitigation strategies in Damagescanner, namely: (a) dry-
prooﬁng, (b) wet-prooﬁng, and (c) the combination of dry-
and wet-prooﬁng. To implement these measures in Damages-
canner, we developed damage reduction factors (0–1) to rep-
resent the proportion of damage that could be avoided at each
inundation depth if the strategies were applied. These dam-
age reduction factors are used to adjust the original SDFs in
Damagescanner. The factors are based on a literature review,
and are described in this section. For each strategy, we de-
veloped two sets of reduction factors to represent a low and
a high range of effectiveness.
1. The dry-prooﬁng strategy includes measures such as the
use of sandbags, coffer dams, or panels on doors and
windowstostoptheﬂoodwatersfromentering.Accord-
ing to the ICPR report (2002), such measures can de-
crease damage, if a ﬂood occurs, by between 60% and
100%. Research shows that these measures are most ef-
fective up to 1m of water height, because above 1m the
chance of wall failure due to water pressure increases
(ICPR, 2002; EA, 2003; Boulet-Desbareau et al., 2005).
The reduction factors chosen for this research are there-
fore 60% reduction of damage per house up to 1m of
water for the low range, and 100% reduction of damage
per house up to 1m of water for the high range. Above
1m of water, it is considered that the reduction of dam-
age is 0%.
2. The wet-prooﬁng strategy includes all the measures,
semi-structural and non-structural, that can be taken to
adapt the exterior, interior, and uses of a house, in or-
der to decrease the damage if ﬂood waters enter the
house. It includes measures such as the strengthening of
walls against water pressure, adapting the ﬂood-prone
parts of the house with waterproof materials, not keep-
ing non-waterproof objects and furniture in ﬂood-prone
parts of house, moving vulnerable appliances to upper
ﬂoors, installing one-way valves on water evacuation
pipes to stop the waters from entering the house via
the pipes, and storing paints and chemicals in the up-
per parts of the home. The ICPR report (2002) shows
that such measures can reduce damage to house con-
tents by up to 40%, while according to Kreibich et
al. (2005), these ﬂood damage mitigation measures can
reduce damage to buildings by between 36% and 53%,
and to household contents by between 48% and 53%.
The reduction factors chosen for our research are 35%
damage reduction up to 2m for the low range, and
50% damage reduction up to 2m for the high range.
Above 2m of water, previous studies have indicated that
thedamage-reducingcapacityofwet-prooﬁngmeasures
strongly decreases (ICPR, 2002; ABI, 2003; Kreibich
and Thieken, 2009). At such water levels, we therefore
consider that there is no reduction of damage, and hence
the reduction factor is 0%.
3. The third strategy examined in this study combines
the dry-prooﬁng strategy and the wet-prooﬁng strategy,
hereafter referred to as the “wet&dry-prooﬁng strat-
egy”. For this strategy, we consider that a house can be
protected by both wet and dry prooﬁng, i.e. by prevent-
ing the waters from entering the house as much as possi-
ble, while also adapting the house to decrease the dam-
age in case waters enter. The reduction factors for the
low range are equal, for each corresponding height, to
the lowest factors of the dry-prooﬁng strategy up to 1m
(60%), and the wet-prooﬁng strategy up to 2m (35%).
For the high range, the reduction factors are equal to
the highest factor of the dry-prooﬁng strategy up to 1m
(100%) and wet-prooﬁng strategy up to 2m (50%).
Above 2m of water the reduction factor is 0%.
In a ﬁrst step, these factors are applied to the residential
high-density and residential low-density land uses, as if all
houses, i.e. both existing and new buildings, are protected
by the measures. Though such wide implementation of the
strategies is probably not feasible in practice, this calculation
provides a maximum potential risk reduction that could be
reached when applying the ﬂood-prooﬁng measures used in
this study. In a second step, the mitigation factors are applied
only to all the new residential areas in 2030, i.e. those areas
that are classiﬁed as residential in the Land Use Scanner re-
sults for 2030 but are not residential in the land-use map of
2000. Hence, in this second step, the mitigation strategies are
not applied to existing buildings, but only to all newly built
houses until 2030. This simpliﬁcation assumes that all new
buildings would be ﬂood-proofed, which is possibly more
feasible than ﬂood-prooﬁng all existing and new buildings.
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Table 2. Increase in EAD (risk) (in percentages), for the future sce-
narios (climate and/or land use) for 2030 compared with the 2000
scenario.
Land use
% Risk increase
Climate 2000 Climate low Climate high
2000 N/A 20 37
2030 low 64 97 N/A
2030 high 108 N/A 185
Thisstepthereforeseemsinterestingtoobtain(slightly)more
realistic risk reduction results.
4 Damage and risk results
In this section, we describe the results of the risk calcula-
tions, with and without adaptation strategies. We refer to the
following scenarios: 2000 scenario (i.e. climate 2000 com-
bined with land use 2000), 2030 low scenario (i.e. climate
2030 low combined with land use 2030 low), and 2030 high
scenario (i.e. climate 2030 high combined with land use 2030
high).
4.1 Flood-risk estimates without adaptation strategies
The relative percentage changes in risk between the 2000
scenario and the future scenarios with land-use and/or cli-
mate change, without mitigation or spatial zoning measures,
are shown in Table 2.
The simulated risk in the 2000 scenario is ca. C31 million
per year. Compared with this scenario, the future scenarios
show a risk increase of 97% for the 2030 low scenario and
185% for the 2030 high scenario (Table 2). The relative in-
ﬂuence of land-use change on these increases is greater than
that of climate change. The impacts of land-use change alone
are increases in risk of 64% and 108% for the 2030 low and
2030 high scenarios, respectively, whilst the impacts of cli-
mate change alone are increases in risk of 20% and 37%
(again for the 2030 low and high scenarios, respectively).
Figure 4 shows the damage results, plotted on a risk curve,
for the different climate and land-use scenarios, without
adaptation strategies. The impact of dike failure for a return
period of 251yr or more (i.e. exceedance probability lower
than 0.004), which is above the current safety standard of the
dikes, is clearly visible in the ﬁgure, with much lower values
for ﬂood damage below this return period.
The relative increase in ﬂood damage (in percentages)
for different exceedance probabilities and future scenarios
compared with the 2000 scenario is shown in Fig. 5. The
ﬁgure shows that, except for high probabilities, the simu-
lated increases in damage as a result of land-use change
only are greater than those for climate change only. Accord-
ing to our results, in relative terms the combined impact of
Fig. 4. Damage results for the different climate and land-use scenar-
ios, and for different exceedance probabilities, without adaptation
strategies (exceedance probabilities on a log scale).
Fig. 5. Increases in damage (%) compared with the 2000 scenario
for the future climate and land-use scenarios, without adaptation
strategies (exceedance probabilities are on a log scale).
land-use change and climate change on damage is greater for
ﬂoods with higher probabilities, although in absolute terms
the damage increase is smaller than it is for low probability
ﬂoods.
4.2 Risk-reducing capacity of spatial zoning measures
Table 3 shows the results when the land-use maps for 2030
are adjusted to include the BGR zoning currently imple-
mented in Limburg. We see that the impact of the land-use
change on the risk (and therefore the total risk increase in
2030)ismuchlowerwhentheBGRzoningisincluded.Com-
pared with the 2000 scenario, land-use change alone now
leads to an increase in risk of 23% for the 2030 low sce-
nario, and 17% for the 2030 high scenario. Compared with
the 2000 scenario, the 2030 low and 2030 high scenarios
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Table 3. Increase in risk (%) compared with the 2000 scenario for
low and high climate and land-use scenarios, including BGR zon-
ing. In brackets: risk-reduction capacity (%) of the BGR zoning,
where the risk results with zoning are compared with the risk re-
sults without zoning, for the same scenarios.
Land use
% Risk increase
(% Risk reduction of BGR zoning)
Climate 2000 Climate low Climate high
2000 N/A 20 (0) 37 (0)
2030 low 23 (25) 48 (25) N/A
2030 high 17 (45) N/A 60 (44)
would lead to an increase in risk of 48% and 60%, respec-
tively. The values in brackets show the risk reduction of the
BGR zoning when the results are compared with the risk
without zoning for the same scenario (for instance, the risk
for the 2030 low scenario with zoning is compared with the
risk for the 2030 low scenario without zoning). We refer to
these risk-reduction results as the risk-reduction capacity of
the measures. In this case, the BGR zoning alone would de-
crease the risk by 25% for the low scenarios, and by up to
45% for the high scenarios.
The results in Table 3 show that the increase in risk be-
tween the 2000 scenario and the 2030 low scenario is almost
equally due to the changes in land use and climate. However,
the same is not the case for the increase in risk between the
2000 scenario and the 2030 high scenario. In the latter case,
the relative impact of climate change is now higher than that
of land-use change. Moreover, if we only consider changes in
land use (assuming a constant climate 2000 scenario), the re-
sults show a greater increase in risk between 2000 and 2030
for the low land-use scenario (23%) compared with the high
land-use scenario (17%). This is due to the BGR zoning,
which lowered the differences between the low and high fu-
ture land-use scenarios by countering the land-use evolutions
projected by the Land Use Scanner.
4.3 Risk-reducing capacity of mitigation measures
4.3.1 Mitigation factors applied to all residential areas
The mitigation factors used to evaluate the damage- and risk-
reduction capacity of mitigation measures correspond to the
potential damage reduction for one protected house. To ex-
amine the maximum risk-reduction capacity of such mea-
sures, these factors are, in a ﬁrst step, applied to all high-
density and low-density residential land uses.
Figure 6 provides the ﬂood risk estimates, in million euros,
for the different mitigation strategies. The simulated risk for
the 2000 scenario is C31 million per year. Again, note that
the absolute estimates are subject to high uncertainty, but the
relative changes between the 2000 and future scenarios give
an indication of the order of magnitude of the change that can
Fig. 6. Flood risk estimates (expressed in terms of EAD) for the
2000 scenario and the 2030 low and high scenarios (in million euros
per year) for different mitigation strategies applied to all residential
areas.
Fig. 7. Risk-reduction capacity (%) of the mitigation strategies ap-
plied to all residential areas. The reference scenarios are the results
of the “No mitigation” strategy for each scenario which results in
0% risk reduction (e.g. for the 2030 low scenario, the reference is
the no mitigation strategy resulting in 0% risk reduction).
be expected. The projected increase in risk due to land-use
and climate change (without adaptation) is not entirely com-
pensated by the mitigation strategies; however, the strategies
would decrease the risk from C61 and C89 million per year
for the 2030 low and 2030 high scenarios, respectively, to
about C43 and C53 million per year when the wet&dry-
prooﬁng strategy is implemented. The relative risk-reduction
capacity of each measure, compared with no mitigation, can
be seen in Fig. 7. The relative reduction in risk ranges from
10% for the wet-prooﬁng strategy, when applied to the 2000
scenario, up to 40% for the wet&dry-prooﬁng strategy in the
2030 high scenario.
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Fig. 8. Damage reduction results (%) of different mitigation strate-
gies applied to all residential buildings, for different exceedance
probabilities and for the 2030 high scenario with mitigation com-
pared with the 2030 high scenario without mitigation (the “no miti-
gation” strategy). Note that the exceedance probabilities are shown
on a logarithmic scale.
Figure 8 shows an example of the relative damage reduc-
tion, in percentage terms, induced by the different mitigation
strategies. This ﬁgure represents the damage reduction in-
duced by the mitigation strategies for the 2030 high scenario.
The results of Fig. 8 are similar to the results for the other
scenarios (2000 scenario and 2030 low scenario). The effec-
tiveness of the mitigation strategies is up to about 45% for
the wet&dry-prooﬁng strategy for ﬂoods of return periods of
10yr (i.e. ﬂoods with exceedance probabilities of 0.1). For
ﬂoods of a return period of 2yr (i.e. 0.5 exceedance prob-
ability) and for ﬂoods of return periods of 20yr to 250yr
(i.e. 0.05 to 0.004 exceedance probability), the effective-
ness of the strategies is lower, down to about 30% for the
wet&dry-prooﬁng strategy. However, for ﬂoods of return pe-
riods higher than 251yr (i.e. 0.004 exceedance probability
or lower, dike failure), the effectiveness of the strategies is
between about 40% and 45%. Figure 7 shows that the dry-
prooﬁng strategy would have similar results in reducing the
risk to the wet&dry-prooﬁng strategy. Figure 8 shows, how-
ever, that the strategies lead to different damage reductions
for different return periods. For ﬂoods with a return period
of 10yr or lower (i.e. exceedance probability higher than
0.1), the dry-prooﬁng and wet&dry-prooﬁng strategies result
in similar damage reduction. For lower exceedance proba-
bilities, the dry-prooﬁng strategy is less effective than the
wet&dry-prooﬁng strategy. This divergence is linked to the
higher inundation depths that can be found during ﬂoods
of lower probabilities, since the dry-prooﬁng strategy is no
longer effective during ﬂoods in excess of 1m depth.
Fig. 9. Risk results (expressed in terms of EAD) for low and high
climate and land-use scenarios (in million euros per year), for the
different adaptation strategies (i.e. spatial zoning and mitigation
measures) applied to all residential areas.
4.3.2 Mitigation factors applied to new residences only
Since an implementation of the strategies to all residential ar-
eas is probably not feasible in practice, in a second step the
mitigation factors are applied only to all the new residential
areas in 2030, i.e. those areas that are classiﬁed as residential
in the Land Use Scanner results for 2030, but are not residen-
tial in the land-use map of 2000. Accordingly, the risk results
arehigherandrangefrom C53to C70millionperyear,while
the risk reduction percentages are lower, ranging from 7% to
21%, (compared with 10% to 40% for all residential areas
that are ﬂood-proofed). The damage reduction induced by
the mitigation strategies for the 2030 high and 2030 low sce-
narios are as high as 25% and 14%, respectively, compared
with the same scenario without mitigation. Contrary to the
results in Fig. 8, the effectiveness of the strategies is not the
highest for the most uncommon ﬂoods. Similar to the results
in Fig. 8, for ﬂoods with an exceedance probability higher
than 0.1, the dry-prooﬁng and wet&dry-prooﬁng strategies
result in similar risk reduction. This similarity decreases for
lower exceedance probabilities.
4.4 Risk-reduction capacity of combined spatial zoning
and mitigation measures
In a ﬁnal step, the BGR spatial zoning measures are com-
bined with the mitigation measures to assess the potential im-
pact on ﬂood risk of the combination of the different adapta-
tion strategies. Mitigation factors are applied to the land-use
maps corrected with the BGR zoning, and to all residential
areas.
Figure 9 represents the ﬂood risk estimates, in million eu-
rosperyear,whenthedifferentadaptationstrategiesarecom-
bined. In the 2030 low and high scenarios (no adaptation),
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Fig. 10. Risk-reduction capacity (%) of the different adaptation
strategies (i.e. zoning and mitigation measures) applied to all res-
idential areas. The references are the results of the “No mitigation”
strategy for each scenario which results in 0% risk reduction (for
instance, for the 2030 high scenario with zoning, the reference is
the “No mitigation” strategy resulting in 0% risk reduction).
the simulated risk is C61 and C89 million per year, re-
spectively. The combination of spatial zoning and mitigation
measures could decrease the risk in 2030 by about 40% for
the 2030 low scenario (i.e. from C61 to C36 million per
year), and by almost 60% for the 2030 high scenario (i.e.
from C89 to C36 million per year). Figure 10 shows the
relative risk-reduction capacity of each mitigation measure,
comparedwiththeriskresultsforeachscenariowhennomit-
igation is implemented. For instance, the risk for the 2030
high scenario with zoning and wet&dry-prooﬁng strategy is
compared with the risk for the 2030 high scenario with zon-
ing when no mitigation is implemented. When spatial zoning
measures are implemented, the additional relative reduction
in risk of the mitigation measures ranges from 8% to 27%.
4.5 Geographical distribution of ﬂood risk
Figure11arepresentsthegeographicaldistributionoftherisk
in million euros per year without adaptation strategies. Fig-
ure 11b, c, and d represent the spatial distribution of the risk-
reduction capacity of the following adaptation strategies:
(b) spatial zoning measures alone, (c) dry-prooﬁng strategy
alone, and (d) wet-prooﬁng strategy alone. The risk and risk-
reduction results are aggregated per municipalities in Lim-
burg. The risk results in Fig. 11a are summed per municipal-
ity. The risk-reduction results are the averages per municipal-
ity.
Figure 11a shows that the risk would be highest in three
areas: namely in the northern, upper-central, and south-
ern sections of the region. The upper-central section corre-
sponds to the area around Venlo (35000 inhabitants), and the
southern section corresponds to the area around Maastricht
(120000 inhabitants). In these areas, as well as in the north-
ern section, the high risk results are linked to both the high
inundation depths and the high exposure of assets in these
urban areas. However, Ward et al. (2011a) show that, in
the northern section of the Meuse in Limburg, Floodscanner
tends to overestimate the inundation extent, and therefore the
damage. The high risk results in that region may therefore
also be partly linked to the overestimation of the Floodscan-
ner model.
According to Fig. 11b, c, and d, there are large geographi-
cal differences in the risk-reduction results of the adaptation
strategies, which may be interesting to local decision mak-
ers. The highest risk-reduction results of spatial zoning are
in the southern and central parts of the case-study area. The
southern section corresponds to the area around Maastricht.
From Fig. 11c and d, it appears that the highest reductions in
risk for both the dry- and the wet-prooﬁng strategies would
be realised in the same geographical areas.
5 Discussion
5.1 Comparison with past research
Our results suggest that ﬂood risk in Limburg may increase
by 97% and 185% under the 2030 low and high scenarios,
respectively, compared with the 2000 scenario. These results
areslightlylowerthantheriskincreaseresultsobtainedbyTe
Linde et al. (2011) on the Rhine, which for the 2030 high sce-
nario (climate W+, land use GE) were up to 230%. However,
Te Linde et al. (2011) only assessed risk based on extreme
ﬂoods with very low probability, and did not take different
probabilities into account. Bouwer et al. (2010) estimated
risk increases for dike-ring 36 of the Meuse river basin, north
of our case-study area. When asset value increases are not in-
cluded in the calculations, the authors projected increases in
risk between 2000 and the future of 50% and 334% (for low
and high scenarios, respectively). Hence, the projected risk
increase for the future low scenario is similar to that of our
study, whilst for the future high scenario it is higher. These
differences occur because (a) the time-horizon of the future
scenarios used in the study of Bouwer et al. (2010) is 2040,
compared with 2030 in our study, and (b) the current and
projected land-use patterns differ between the two regions.
5.2 Effect of spatial zoning measures
According to the projections of land-use and climate change
used in this study, land-use change plays a larger role in
the risk increase than does climate change. This is an im-
portant ﬁnding, since local and regional stakeholders have
more control over the distribution of land use (e.g. Janssen
et al., 2008) than over the evolution of the climate. Adequate
land-use management could signiﬁcantly decrease the over-
all risk compared with a situation without these measures.
Indeed, when the already ongoing BGR zoning is included
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Fig. 11. (a) Risk results per municipalities, without adaptation strategies, in million euros per year, (b) Average risk-reduction results of
spatial zoning (%), (c) Average risk-reduction results of dry-prooﬁng strategy (%), and (d) Average risk-reduction results of wet-prooﬁng
strategy (%).
in the model, the risk is signiﬁcantly decreased. However,
the simulated risk still increases between the 2000 and the
future scenarios, although the relative impact of land-use
change becomes much lower when the BGR zoning is in-
cluded. Other examples of the assessment of existing land-
use management programmes in Europe can be found in
the literature. For example, Ledoux (2009) and Vinet (2010)
describe the French land-use management programme (e.g.
Risk Prevention Plans or “Plan de Pr´ evention des Risques”),
and show their mixed results after more than 15yr of imple-
mentation, though no quantitative evaluation of the damage
and risk reduction has yet been carried out. In the UK, White
and Richards (2007) describe the main concerns arising from
the land-use management programmes (e.g. PPG25 replaced
by PPS25), while Dawson et al. (2011) estimate the poten-
tial risk reduction of several adaptation measures, including
land-use planning policies.
5.3 Effectiveness of the mitigation strategies
The results show that the maximum risk-reduction capacity
of the mitigation strategies is up to 21% and 40% when
implemented only on new buildings in 2030 and in all res-
idential units, respectively. Also, the dry-prooﬁng strategy
is more effective at reducing the risk than the wet-prooﬁng
strategy. This result differs from the ﬁndings of Kreibich et
al. (2005) and Kreibich and Thieken (2009), which are based
on past ﬂoods of the Elbe river in Dresden, Germany. The
authors found that during the ﬂoods of 2002, and compared
with households who had not undertaken mitigation mea-
sures, households that had materials available for the under-
taking of dry-prooﬁng measures (e.g. private water barriers)
did not experience as large a decrease in damage as house-
holds that had undertaken wet-prooﬁng measures (e.g. ﬂood-
adapted use and ﬂood-adapted interior ﬁttings). However, the
difference with our results could be related to the fact that the
ﬂood of 2002 was an extreme event and private water barri-
ers were overtopped, and had no or little effect (Kreibich et
al., 2005).
Additionally, for high probability ﬂoods (10yr return peri-
ods and less), the dry-prooﬁng strategy has a similar damage
reduction capacity to the wet&dry-prooﬁng strategy. This
can be explained by the high mitigation factor chosen for the
dry-prooﬁng strategy, which is up to 100% reduction of the
damage for inundation depths lower than 1m, combined with
low inundation depths (e.g. under 1m) which are found dur-
ing high probability ﬂoods. Based on these results, and con-
sidering that dry-prooﬁng measures are easier and less ex-
pensive to implement than wet-prooﬁng measures (Kreibich
and Thieken, 2009), dry-prooﬁng measures seem to be a par-
ticularly interesting option to decrease the damage for houses
affected by high probability ﬂoods. These measures could
be implemented prior to, or instead of, implementing wet-
prooﬁng measures in these areas, although the results also
show that wet-prooﬁng measures can also signiﬁcantly de-
crease the damage. Further knowledge on the cost-efﬁciency
of dry- and wet-prooﬁng measures would provide an addi-
tional ground for decision makers to choose which measures
to implement. Such knowledge could have a large impact on
the relative attractiveness of the measures.
When the measures are applied to all residential units, the
damage reduction capacity of the wet-prooﬁng strategy is
the highest for lower probability ﬂoods (return period greater
than 250yr). In areas exposed to low probability ﬂoods, the
Nat. Hazards Earth Syst. Sci., 12, 3455–3471, 2012 www.nat-hazards-earth-syst-sci.net/12/3455/2012/J. K. Poussin et al.: Potential of semi-structural and non-structural adaptation strategies 3467
widespread implementation of wet-prooﬁng measures (i.e.
on both existing and new residences in 2030) would there-
fore seem particularly suited to decrease the high level of
damage that can be expected.
5.4 Policy implications
The results of this study show that the already-implemented
spatial zoning measures, combined with mitigation mea-
sures, could signiﬁcantly decrease the future risk (see also
Aerts et al., 2008). After carrying out preliminary analyses, a
workshopwasheldinLimburgwithseveralregionaldecision
makers to discuss the results andreﬁne the methods forthe ﬁ-
nal analyses. During the workshop, an important remark was
made that there are currently no legal means in Limburg, and
in the Netherlands, to enforce the undertaking of mitigation
measures by households. Further discussion would therefore
beneededbeforetheimplementationofthesemeasurescould
be considered. It would also be interesting to assess meth-
ods of stimulating households to implement measures. In-
centives include measures such as limiting the ﬁnancial in-
tervention of governments to incite households to take mea-
sures prior to ﬂoods instead of relying on their government’s
help after the ﬂood (Kunreuther, 2006); regulating construc-
tions with building codes (Camerer and Kunreuther, 1989;
Kunreuther, 2006); providing adequate information to house-
holds in ﬂood-prone areas (Camerer and Kunreuther, 1989;
Grothmann and Reusswig, 2006; Neuwirth et al., 2000; Sims
and Baumann, 1987); and implementing ﬁnancial incentives
such as insurance incentives, where insurers would increase
premiums when households live in ﬂood-prone areas and de-
crease them if households take measures which are effective
in reducing the risk (Botzen et al., 2009a b; Camerer and
Kunreuther, 1989; Kunreuther, 1996). The existing literature
on this subject could serve as a useful starting point for such
an analysis.
5.5 Limitations of the study and future research
The modelling framework used in this study is relatively sim-
ple, but it does allow us to assess the sensitivity of ﬂood risk
to climate and land-use change, and to several adaptation
options, at a large geographical scale. However, the land-
use maps are not very precise at the local level (e.g. street
or neighbourhood level) (Schotten et al., 2001; Bouwer et
al., 2010; te Linde et al., 2011), which means that the re-
sults should not be used at that level. Further research would
be needed to increase the precision of the land-use maps,
while also including current policy decisions, such as spa-
tial zoning, when using land-use models to simulate future
land-use maps (e.g. Aerts et al., 2005). Additional modelling
of the risk and damage on a wider scale (e.g. whole-basin
scale) could also contribute to the discussion on the adequacy
of household mitigation measures, spatial zoning, and the
scaleatwhichtheseadaptationstrategiesshouldbeused.The
spatial zoning measure as applied in this study assumes that
although the demand for urban developments will remain,
the new buildings will be built outside of the ﬂood-prone area
since new buildings within it are not allowed. This assump-
tion can lead to an underestimation of urban development in
ﬂood-prone areas in the model. Therefore, additional mod-
elling focused on the allocation of new construction areas
under spatial zoning restrictions will have to be conducted to
take into account the remaining demand for urban develop-
ments.
In addition, research and modelling with methods that al-
low for more precision on the degree of implementation of
the mitigation measures at the town, region, or basin scale
could further increase the precision of such a model. Meth-
ods to improve these results could include the gathering of
data via workshops, interviews, or surveys. Modelling meth-
ods such as agent-based modelling could also prove useful
in representing the behaviour of households. Finally, the mit-
igation factors used in this research were derived from the
literature on the effectiveness of mitigation measures during
past ﬂoods. Though the differences in results with Kreibich
and Thieken (2009) can be explained by the differences in in-
undation depths, further research on the subject of the effec-
tiveness of mitigation measures in past and modelled ﬂoods
could increase the precision of the model and the value of
the results for decision makers. Including efﬁciency aspects
of the measures – with the addition of knowledge such as the
cost and the difﬁculty of implementing the measures – could
also provide valuable input for decision makers (Bouwer et
al., 2012; Jha et al., 2012; Meyer et al., 2012).
6 Conclusions
The ﬁrst aim of this study was to assess the sensitivity of
riverine ﬂood risk in the Meuse in Dutch Limburg to changes
in land use and climate. In a future without implementation
of the adaptation strategies studied in this paper, we pro-
jected an approximately two- to three-fold increase in risk
(by 2030), with land-use change being the dominant driv-
ing factor. This highlights the need to implement adaptation
strategies to limit the increase in risk.
This was addressed in the second aim, which was to ex-
amine the potential of different adaptation strategies at the
regional scale to reduce future ﬂood risk. Our results show
that currently ongoing spatial zoning projects can already re-
duce the increase in risk between 2000 and 2030 by up to
45%. If implemented fully, the relative contributions of land-
use and climate change to future ﬂood-risk increase are of a
similar order of magnitude.
As well as this strategy, we show that the ﬂood-prooﬁng
of houses could further reduce future ﬂood risk, and limit
the risk increase that would occur without their implemen-
tation. Our results show that the dry-prooﬁng strategy has
similar results in reducing the overall risk to the combination
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of dry- and wet-prooﬁng strategies. Since dry-prooﬁng mea-
sures are easier and less expensive to implement than wet-
prooﬁng measures, dry-prooﬁng measures seem particularly
interesting to reduce the risk. However, there are large geo-
graphical differences in the effectiveness of these mitigation
measures. Flood-risk maps, such as those produced in this
study, are useful to decision makers for understanding where
ﬂood risk hotspots are, and for identifying the strategies most
likely to limit the risk in those areas.
This study shows that the strategies examined in this paper
can signiﬁcantly reduce ﬂood risk; this is one of few stud-
ies to quantitatively assess the ﬂood-risk reduction capacity
of such strategies at the regional scale. However, there ap-
pears to be currently few means to enforce or encourage the
undertaking of mitigation measures by households. Several
methods may be used by governments and insurers to mo-
tivate households to implement such measures. Further re-
search, providing local, regional, or basin level data on the
damage- and risk-reduction capacity of adaptation strategies
could therefore provide valuable input for decision makers,
and stimulate discussions on the beneﬁts of implementing
and encouraging the implementation of these strategies.
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